This paper proposes a reconfigurable two-way wideband active power divider/combiner based on bi-directional amplifier and absorptive series-shunt switch techniques. A multi-octave operational bandwidth and flat gain response with bi-directional operation are simultaneously achieved using bidirectional distributed amplifiers (BDAs). The reconfigurable functionality and fast mode selection are obtained by using the absorptive series-shunt switches. The proposed power divider/combiner provides four different operational states depending on the control inputs for the BDAs and the series-shunt switches. The dual-path mode supports both divider and combiner operations, and the measured gain is greater than 7.8 dB and the isolation between output ports is better than 23 dB over the 3-dB bandwidth of 2-23 GHz. The measured noise figure (NF) of the dual-path mode is below 10 dB, while maximum amplitude and phase imbalances are 0.2 dB and 1.8 degrees, respectively. The single-path mode shows a measured gain of > 7.8 dB, and a port-to-port isolation > 35 dB. The measured NF is below 12 dB from 8 to 26 GHz. In addition, the proposed circuit shows the maximum output 1-dB compression point (OP1dB) of 4.6 dBm, and good matching characteristics, with a DC power consumption of 120 mW. The chip area of the reconfigurable two-way SiGe bi-directional active power divider/combiner is 1.43 mm × 0.92 mm.
I. INTRODUCTION
Wideband reconfigurable power dividers and combiners are key components in a variety of applications, including highefficiency power amplifiers, switched multi-beam systems, and reconfigurable phased array antennas [1] - [4] . In largescale wideband reconfigurable phased array antennas, power dividing and combining functions are required to: 1) distribute power to each transmit/receive (T/R) module for beam forming, or 2) add up the incoming signal from each antenna for subsequent signal processing. In addition, low phase/amplitude imbalances during the power dividing and combining are important requirements for simplifying complex phase/amplitude calibrations and reducing tracking The associate editor coordinating the review of this manuscript and approving it for publication was Xiu Yin Zhang .
errors. Furthermore, since the physical distance between the antennas is determined by the operating frequency, the beam width and effective radiated power (ERP) in conventional wideband phased array antennas exhibit different characteristics depending on the required frequency range, as shown in Fig. 1 (a) . Therefore, recent high-level and large-scale wideband phased array systems require that arrays need to be instantly reconfigured for the optimizing functionality and tuning of other parameters such as ERP and beamshaping. To realize these requirements, reconfigurable active power dividers and combiners can be a practical solution. By selectively turning 'on' or 'off' the antenna array elements for a given operating frequency, the beam width and the ERP can remain constant over a wide operational frequency. In addition, they should provide positive and flat gain response, which helps reduce the total system complexity by eliminating additional equalizers and loss compensation amplifiers. Considering the high level of integration, the need to support bi-directional operation, wide bandwidth, and compact chip size are all important concerns. Reconfigurable wideband phased array antennas [5] , [6] using active power divider/combiner circuits are shown in Fig. 1 (b) . The advantage of this system includes scalability, wide bandwidth, bi-directional operation, and reconfigurable functionality.
To address the reconfigurable functionalities with power dividing and combining operations, both passive and activebased power dividers and combiners have been proposed in the literature [7] - [17] . The passive-based reconfigurable power dividers and combiners successfully provide multipath modes using couplers, capacitors, and single-pole double-throw (SPDT) switches [7] - [11] . In addition, they have the benefits of zero power consumption, high linearity, and proper port-to-port isolation. However, they suffer from fundamental limitations such as narrow bandwidth, high insertion loss, and large chip size due to quarter-wave transformers and a large number of passive switches. Therefore, they may not be suitable for large scale wideband reconfigurable phased array antennas. From a system perspective, the additional amplifiers require for the compensation of insertion loss associated with the passive-based power dividers and combiners increase the total system complexity and chip size.
To overcome the drawbacks of passive-based designs, active-based wideband power divider/combiner circuits have been demonstrated [12] - [16] . A distributed amplifier (DA) and an interleave techniques have been proposed for active power dividers and combiners [12] - [14] . Since they support uni-directional operation only, however, designers should place the same circuit for every transmitter and receiver in the signal paths. As a result, the overall system requires lager chip area and complex digital circuitry. The BDA technique has been introduced to provide bi-directional capability and wide operational bandwidth [15] , [16] . However, these previous designs are not suitable for beam-shaping and ERP control in reconfigurable wideband phased array antennas, since they cannot provide reconfigurable functionality. The wideband reconfigurable active divider/combiner circuit using the DA technique has been designed [6] . Since they used GaAs platform, however, it is hard to integrate digital control circuits within a single chip, which led to an increase in system complexity, size, and manufacturing cost.
In the present paper, we propose a two-way reconfigurable active power divider/combiner in order to overcome the limitations associated with the previous active-and passive-based designs. The proposed two-way reconfigurable wideband power divider/combiner supports three different operation modes: dual-path, single-path and full OFF modes as shown in Fig. 1 (b) . In addition, it can provide high speed mode selection by the series-shunt switches. In Section II, we describe the design of the BDA structure. Section III provides the configuration and the optimization of the proposed power divider and combiner with BDAs and series-shunt switches. The measured results are presented in Section IV. Finally, we will summarize the paper in Section V.
II. DESIGN OF BDA STRUCTURE
While the BDA core structure was previously discussed in [18] , [19] , to illustrate the operation and the key points, a brief description is included here.
The schematic of the BDA core structure is shown in Fig. 2 (a) , where the BDA core is composed of two cascode pairs (Q 1 /Q 2 and Q 3 /Q 4 ) for bi-directional operation [18] , [19] . The base terminal of Q 1 is connected to the collector terminal of Q 3 through C 1 , and Q 2 and Q 4 have the same connection for the opposite direction. For the forward operation from P 1 to P 2 , the base terminals of Q 2 and Q 3 are ON and OFF, respectively [ Fig. 2 (b) ] and the BDA core becomes a single cascode structure that has benefits of wide bandwidth and good reverse isolation by minimizing the Miller effect. The series capacitor, C 1 is used in the BDA core for two main purposes. First, it provides a DC open between the base terminal of Q 1 and Q 4 and the collector terminals of Q 2 and Q 3 . Based on the proposed BDA circuit configuration, V cas , can be used as a control signal in order to achieve high-speed mode selection for the forward and the backward operations compared to [17] . Second, by adjusting the C 1 capacitance, the optimum total capacitance at input and output nodes of the BDA core can be obtained. Therefore, the capacitance value of C 1 should be carefully selected to satisfy the system requirements. In addition, since the device size is related to power handling (linearity) capability, operational bandwidth, and power gain, the device size should also be chosen based on the specifications of the system.
The simplified equivalent circuit in the forward operation mode is shown in Fig. 2 (c). The total capacitance at the input (P 1 ) and the output (P 2 ) nodes can be calculated as in [19] . In the present design, all transistors have the same size of 0.12 µm × 8.0 µm and C 1 has the capacitance of 123.8 fF for wideband operational bandwidth and moderate power gain. The total capacitances of forward operation are 88.7 and 71.8 fF for the input and the output nodes, respectively. The total capacitances for backward operation can be calculated similarly. We will discuss operational bandwidth and power gain of the proposed reconfigurable two-way SiGe active power divider and combiner in Section III more in detail.
III. PROPOSED RECONFIGURABLE TWO-WAY ACTIVE POWER DIVIDER/COMBINER A. RECONFIGURABLE TWO-WAY ACTIVE POWER DIVIDER AND COMBINER
In order to achieve wide operational bandwidth, active power gain with good matching characteristics, moderate linearity, as well as high-level system integration requirement, the DA topology with internal RF-choke inductors and DC-blocking capacitors is chosen. For supporting both the power divider and the combiner operations, the BDA technique is applied to the proposed reconfigurable two-way SiGe active power divider/combiner. In addition, the seriesshunt switch configuration is used to provide reconfigurable operation, as shown in Fig. 3 . The input and output capacitances of the BDA cores form artificial transmission lines with lumped inductors. In principle, these artificial input and output lines are designed to have 50-characteristic impedance and to achieve equal and flat group delay over the required band. In addition, in order to achieve wideband characteristics, the ends of artificial transmission lines are terminated by termination resistors (R T1 and R T2 ), which absorb any backward waves. The artificial transmission line of P 1 consists of L 1,M , L 2,M , and the capacitance of two BDA cores, while for the P 2 and P 3 lines, L 1 , L 2 , and the capacitance of a single BDA core are used. As a result, the capacitance at the common node (P 1 ) is approximately doubled compared to the independent nodes (P 2 and P 3 ) capacitance. Therefore, the propagation velocity at the common and independent nodes can exhibits different characteristics because different capacitances and inductances were applied to achieve 50-characteristic impedance. If multiple stages are used in this design to achieve desired performances (e.g., wide bandwidth, gain, and output power), the different phase characteristics will appear at the independent nodes of each stage. Therefore, it may lead to performance degradation at the high-frequency range. The proposed reconfigurable two-way active power divider/combiner used only a twostage BDA structure to achieve the desired frequency range of 2 -20 GHz with moderate gain and output power. In addition, in order to match the propagation velocity at the input and the output nodes as closely as possible, while maintaining flat gain response and good matching characteristics, the inductances at the common and independent nodes were carefully selected in this design.
Two series-shunt switch pairs (M 1 /M 2 and M 3 /M 4 ) are added to the circuit to support the reconfigurable operation of the dual-path or the single-path modes (see Fig. 1 ). The series transistors of M 1 and M 3 are added to select required signal path, while the shunt transistors of M 2 and M 4 are used for providing good isolation performance. To improve the insertion loss of series-shunt switches, the floating body and the N-well techniques are applied [20] . Nevertheless, the insertion loss of the series-shunt switches can lead to a decrease in gain and output power in the dual-path mode (power combiner/divider modes). In addition, a potential concern is that the leakage signal at OFF state can be propagated to other signal paths due to imperfect switch isolation characteristics. However, the series-shunt switches provide the key benefit of high-speed mode change for the dual-path mode and the single-path mode selection. As shown in Fig. 4 , it takes only 0.7 and 1.6 ns to switch the operation mode. Therefore, it can support competitive switching time compared to commercial switches without requiring additional components and chip area [21] .
For providing DC biasing and AC open, internal RF-Choke 1 and RF-Choke 2 are integrated into the proposed circuit. In addition, the DC-blocking capacitors (C 1 , C 2 , and C 2,M ) are used at the common, the independent and the termination ports. While most amplifiers based on a DA structure use external bias tees for DC biasing [22] , [23] , this approach limits practical usefulness and reduces system integration levels. Therefore, the internal DC biasing of the proposed circuit not only provides high-level integration, but also supplies DC biasing path from the power supply.
To obtain the desired bandwidth and provide wideband matching characteristics, the capacitance and inductance should be carefully chosen because the operational bandwidth of the proposed reconfigurable two-way active power divider/combiner is determined by the 3-dB cut-off frequency (f c ) of the transmission line, given as:
In addition, the characteristic impedances of artificial transmission line for P 1 , P 2 , and P 3 can be calculated as follows:
, for P 2 and P 3 (2)
Other important specifications of the proposed circuit, such as maximum output power and gain, are related to the size of the transistors and the number of gain stages [24] . Large transistors are required to achieve enough gain and output power. However, large transistors will reduce the bandwidth of the circuit based on (5), since large parasitic capacitance is associated with a large transistor. On the other hand, many gain stages with small transistors can increase gain, output power, and bandwidth of the circuit. However, there is an upper bound for the gain even if an infinite number of gain stages are cascaded, due to the input and the output resistances of the transistors and the series loss of on-chip inductors [25] . In the proposed circuit, the SiGe HBTs with the 0.12 x 8.0 µm 2 are chosen to achieve the requirements of reasonable gain (> 7 dB) and output power (0 dBm) for the 2-20 GHz bandwidth. Once the device size in the two-stage DA topology is determined, the bandwidth of the proposed circuit is limited by the cut-off frequency of the P 1 line, because its parasitic capacitance is approximately twice as large as the P 2 and P 3 lines. Figure 5 shows the calculated characteristic impedances and cut-off frequencies of the P 1 line with varied inductance (L 1,m ) and capacitance of the BDA core (C 1 ) (See Fig. 2 ). In case of L 2,m , the twice the inductance of L 1,m was selected for calculations. Based on the calculation results, the capacitance of C 1 should be carefully chosen for the desired operational bandwidth and the matching characteristics. In the proposed design, C 1 of 123.8 fF was selected to provide the optimal bandwidth for two gain stages. Figure 6 shows the equivalent circuit of dual-path mode depending on the power divider or combiner operation. For the dual-path mode, the switching transistors of M 1 and M 3 turn ON while M 2 and M 4 turn OFF. The cascode transistor of Q 2 and Q 3 are ON and OFF, respectively, for the power divider operation and the signal can be amplified through the BDA cores from P 1 to both P 2 and P 3 , respectively (Fig. 3) . Therefore, the power loss associated with the ideal 3 dB power division and lossy passive structures is compensated for active phased array antennas. The equivalent circuit under the power divider operation is shown in Fig. 6 (a) . Since the cascode configuration provides good reverse isolation and the opposite Q 3 and Q 4 branch is turned off, the reverse signal can be effectively suppressed [26] , which improves the port-toport isolation. For the combiner mode, the cascode transistor Q 3 turns ON and Q 2 turns OFF, while maintaining Q 1 and Q 4 are ON-states, as shown in Fig. 6 (b) . The transistors in the series-shunt switches show the same operation for both the power divider and the power combiner modes. FIGURE 6. Equivalent circuit of the dual-path mode in bi-directional operation (a) from P 1 to P 2 /P 3 (a divider mode) and (b) from P 2 /P 3 to P 1 (a combiner mode).
C. SINGLE-PATH MODE
The single-path modes in the power divider operation are shown in Fig. 7 . For the single-path mode from P 1 to P 2 , the cascode transistor Q 2 turns ON and Q 3 turns OFF, while maintaining the ON-state of Q 1 and Q 4 . The series switch transistor M 1 turns ON and M 3 turns OFF for selecting the signal path of P 1 to P 2 . The shunt transistor M 2 turns OFF and M 4 turns ON to improve isolation performance, thereby preventing unwanted signal from leaking, as shown in Fig. 7 (a) . In Fig. 7 (b) , the switching transistors M 2 and M 3 turn ON and M 1 and M 4 turn OFF while maintaining the operation of BDAs cores for the P 1 to P 3 mode.
D. PASSIVE COMPONENT DESIGN
The design of wideband circuits requires the accurate passive components, such as inductors, transmission lines, and short interconnections between transistors. In the proposed circuit, the grounded coplanar waveguides (GCPWs) are selected for interconnections due to their advantages, which can minimize unwanted signal leakage and coupling between adjacent signal lines. For the practical usefulness, RF-choke inductors and DC-blocking capacitors are integrated with the proposed circuit. While using large RF-choke inductors presents good AC open at low frequencies, due to the parasitic capacitance of the RF-choke inductors, the self-resonance frequency (SRF) of the components has to be taken into account. The simulated RF-choke inductors offer an inductance of 2.2 nH with the SRF of about 23 GHz. The other inductors, interconnections, and the GSG pads are carefully designed with an electromagnetic (EM) solver, Sonnet. From parasitic capacitance of BDA core, the theoretical inductances of L 1 and L 1,M found to be 180 and 443 pH for 50-characteristic impedance of artificial transmission lines. However, to match the propagation velocity between the common and the independent nodes as close as possible, the simulated inductances of L 1 , and L 2 are 330 and 538 pH at 10 GHz, respectively, while L 1,M and L 2,M have the inductances of 299 and 450 pH at the same frequency, respectively. The termination resistances of R T1 and R T2 are 72.4 and 44.5 for the optimized performance, respectively. A symmetric layout and topology are critical to provide the identical performance, such as phase and amplitude imbalances between the common or the independent ports depending on a required mode. Therefore, two capacitors and two resistors are connected to the common termination port (see Fig. 7 ) for reducing any unexpected mismatches. Figure 8 shows the microphotograph of the fabricated reconfigurable wideband SiGe active power divider/combiner implemented in Global Foundries 130 nm SiGe HBT BiCMOS technology (8HP). The total chip area is 1.3 mm 2 (1.43 mm × 0.92 mm), including pads. From a supply voltage of 3.0 V, the circuit draws a bias current of 40 mA, which amounts to the total DC power consumption of 120 mW for high power handling capability. The DC power consumption can be reduced by controlling bias of cascode and common emitter transistors depending on system power budget. When the bias current decreased from 40 mA to 19 mA, the smallsignal gain variation is from 8 dB to 6.4 dB at 20 GHz.
IV. MEASUREMENTS

A. SMALL SIGNAL MEASUREMENT
The small signal measurement of the proposed circuit was performed with on-wafer probing, and a 3-port calibration using a network analyzer (Agilent PNA E8364B) and an S-parameter test set (N4421A). The measured and simulated S-parameters of the proposed reconfigurable wideband active SiGe power divider/combiner under the dual-path mode are shown in Fig. 9 . The power divider operation provides a peak small-signal gain of 10.3 dB with 3-dB bandwidth of 2-23 GHz. The input and the output return loss (S 11 , S 22 , and S 33 ) are better than 10 dB from 2 to 23 GHz, as shown in Fig. 9 (a) . The bandwidth of the input (S 11 ) is smaller than S 22 and S 33 , because the parasitic capacitances of the input artificial transmission line are approximately doubled due to the two BDAs, as discussed in Section III. The power divider mode exhibits similar response for both paths (P 1 to P 2 and P 1 to P 3 ) due to the symmetric layout and topology. All S-parameter results show good agreement between the measurements and the simulations. The power combiner operation shows similar results to the power divider operation, as shown in Fig. 9 (b) . The measured and the simulated S-parameters of the single-path mode under power divider operation are shown in Fig. 10 (a) and (b), depending on its operational mode. The measured gain difference between ON and OFF states is larger than 16.5 dB within 2-23 GHz for both operational modes. All of the measured results are similar to the dualpath mode under power divider operation. For the power combiner operation, the measured results are similar to the power divider operation.
The port-to-port isolation is critical for the overall circuit performance because poor isolation performance leads to undesired signal coupling between input and output ports depending on operational modes. The measured port-to-port isolation of the proposed reconfigurable power divider/combiner is presented in Fig. 11 . In Fig. 11 (a) , the minimum isolation between P 2 and P 3 under the dualpath mode for both the divider and the combiner operations is about 23 dB at 2 GHz. The measured port-to-port isolation under the single-path mode for the divider operation is better than 35 dB in 2-23 GHz as shown in Fig. 11 (b) . The power combiner operation shows almost identical characteristics.
The measured amplitudes and phase imbalances are shown in Fig. 12 . The measured amplitude imbalance of both the power divider and the combiner operations is less than 0.2 dB. In the power divider mode, the phase imbalance has slightly larger than for the power combiner mode. The phase imbalance in the power divider mode is 1.4 • at 2 GHz and −1.8 • at 23 GHz, respectively. The stability factor (k-factor) is greater Fig. 12 (b) ]. The single-path mode shows similar characteristics compared to the dual-path mode response. 
B. MEASUREMENT SETUP FOR NOISE FIGURE AND LINEARITY
The measurement setups for noise and linearity characterization are shown in Fig. 13 . In order to verify the power divider operation, we used a single-port configuration as shown in Fig. 13 (a) . On the other hand, we used two different measurement setups for the power combiner operation as shown in Fig. 13 (b) and (c).
1) SINGLE-PORT CONFIGURATION
The signal generator (E8257D) or the noise source (N4002A) are connected to the proposed circuit directly depending on purpose of measurement as shown in Fig 13 (a) and (b) . The unused third port is terminated with 50-. To confirm the NF or the output power, the PXA signal analyzer (N9030A) or the power sensor (E4413A) are connected to the output port, respectively. This measurement method is generally used for the NF and linearity measurement, but it is not sufficient to verify the actual operation of the power combiner. Therefore, we used a dual-port configuration to verify the practical power combiner operation with reconfigurable functionality.
2) DUAL-PORT CONFIGURATION
For the measurement of NF and linearity characteristics under the practical power combiner operation with reconfigurable functionality, the noise source or signal generator are con- nected to an wideband power splitter (11667C) as shown in Fig. 13 (c) . Therefore, the same signal or noise waves are simultaneously driven to the two input ports of P 2 and P 3 by a signal generator or a noise source. In the reconfigurable wideband phased array antennas, since the input signals are delivered to the reconfigurable active power combiner through frond-end and control circuits from each antenna element, this measurement is a more suitable method to verify the circuit operation under the reconfigurable power combiner operation.
C. NOISE FIGURE AND LINEARITY MEASUREMENT
The measured and simulated noise figure (NF) versus frequency is presented in Fig. 14 (a) depending on the operation mode (i.e., power dividing or combining) under the single-port configuration (see Fig. 13 ). The minimum NF of the power divider operation is 7.7 dB at 18 GHz and the overall NF is better than 10 dB from 6 to 24 GHz. On the other hand, since the input inductance and capacitance are different depending on the operation modes (power divider and combiner modes), the optimum noise circle is changed between power divider and combiner operation. In addition, the insertion loss of the series-shunt switch increases the NF of the power combiner operation. As a result, the overall NF under the power combiner operation is larger than the power divider operation for the entire band. The overall NF of the power combiner operation is better than 12 dB from 8 to 26 GHz, with the minimum NF of about 10 dB at 12 GHz. Each signal path has similar NF characteristic for both the power divider and combiner operations.
The NF characteristics with noise combination under power combiner operation were measured using the dual-port configuration. The measured and the simulated NF from the two-input power combiner operation is shown in Fig. 14 (b) . Both NF characteristics (from P 2 to P 1 and from P 3 to P 1 ) under the single-path mode show similar performance. However, since the series transistor is turned off and the shunt transistor is terminated to ground in unused other branch, the NF characteristic under the dual-port configuration is changed due to internal mismatch between the external power splitter and the proposed circuit. Therefore, the overall NFs under the single-path mode using the dual-port configuration are increased about 2.0 dB compared to the single-port configuration. To prevent this issue, an adaptive termination technique needs to be applied. In dual-path mode, the overall NF is better than about 3.0 dB compared to the single-port configuration. The NF is better than 10 dB from 6 to 26 GHz with the minimum NF of about 7.2 dB at 12 GHz.
The input and output 1-dB compression points (IP1dB and OP1dB) and output third-order intercept point (OIP3) at 12 GHz under divider and combiner operations using the single-port configuration are presented in Fig. 15 . In Fig. 15 (a), the P 1 to P 2 and the P 1 to P 3 under the dual-path power divider mode show an OP1dB of 3.6 dBm and the corresponding IP1dB is −4.0 dBm. In addition, the third-order intermodulation distortion (IM3) was measured with two different signals of 50 MHz spacing. The measured OIP3 is about 14.2 dBm at 12 GHz. For the dual-path power combiner mode, all of the large-signal performance is close to the power divider operation. The measured IP1dB and OP1dB are −4.0 and 3.4 dBm, respectively, while the OIP3 is about 13.6 dBm at 12 GHz [ Fig. 15 (b) ].
The large-signal performance of the single-path mode under the power divider and combiner operations is shown in Fig. 16 (a) and (b) . The large-signal performances in the ON state of the power divider and combiner operations are similar to the dual-path mode. For the OFF state of the power divider operation, the measured IP1dB and OP1dB for the P 2 signal path are −4.0 and −16.3 dBm, respectively. The OFF state of the P 3 signal path has similar large-signal performance compared to the P 2 signal path. However, the OFF state of the power combiner operation indicates different large-signal characteristics. Since the series transistor of the series-shunt switch is turned off, the input power delivered to the SiGe HBT in the BDA cores was significantly attenuated by the passive series-shunt switch. Therefore, the linearity of the power combiner mode in the OFF state shows a similar behavior of a passive circuit. Figure 17 (a) shows the measured OP1dB and OIP3 versus frequency under both the power divider and the combiner operations using the single-port configuration. The proposed reconfigurable active power divider/combiner shows moderate output power for both operations. It exhibited 1.3 and 3.8 dBm OP1dB at 2 and 22 GHz under the power divider operation, respectively. The OIP3 is found to be 12.4 and 14.0 dBm at 2 and 22 GHz for the P 1 to P 2 path, respectively. The measured OP1dB and OIP3 under power combiner operation are similar to the power divider operation. The maximum OP1dB and OIP3 are 4.6 and 15.4 dBm, respectively. In Fig. 17 (b) , the two sinusoidal signals of the same magnitude and phase are supplied to the input ports (P 2 and P 3 ) for the demonstration of the signal combination under the power combiner operation [See Fig. 13 (c) ]. Since series-shunt switches are used in the proposed circuit, the leakage signals are delivered through the OFF-state series transistors under the single-path mode from either P 2 or P 3 to P 1 due to imperfect switch characteristics (See Fig. 4) . Therefore, the high isolation of the series-shunt switch is critical to prevent this undesirable effect because the output power under the single-path mode can be corrupted by the phase of the leakage signal. In this measurement case, the measured OP1dB and OIP3 under the single-path mode using the dual-port configuration are higher than the singleport configuration. The OP1dB and OIP3 of the P 2 to P 1 path are 9.4 and 18.3 dBm at 20 GHz in single-path mode. In the dual-path power combiner mode, the two input signals are driven to the two-stage BDAs and the amplified signals are combined at single output node. Therefore, the output power of the dual-path mode is higher than that of the single-path mode. In dual-port configuration, The OP1dB and OIP3 of the P 2 to P 1 path are 12 and 22.8 dBm at 20 GHz, respectively.
To evaluate the effects of the proposed reconfigurable active power divider and combiner on beam width and operating frequency, beam synthesis simulations were performed. An array size of 1x32 with antenna spacing of λ/2 (7.5 mm) at 20GHz was chosen to confirm beam width at 5, 10, and 20 GHz. To verify the effects of the proposed reconfigurable power dividers/combiners on the system, they were placed after the control circuits and other components used the ideal circuits (see Fig. 1 ). In addition, since the signal path of the OFF states in the proposed circuit is terminated to ground through the shunt transistors, the symmetry of the beam can be influenced by how the antenna elements are selected. Therefore, the 50 terminations were used to the signal paths of the OFF states for more accurate simulation results. The synthesized antenna array patterns based on the measured S-parameters are shown in Fig. 18 . The total of 16 proposed active power divider/combiner circuits under the dual-path mode were used to implement an 1×32 antenna array for Fig. 18 (a) . As shown in Fig. 18 (a), it shows varying beam widths depending on the operating frequency. On the other hand, the proposed active power divider/combiner circuits under the single-path mode were selectively turned on to generate a constant beam width. The antenna sizes become 1×32, 1×16, or 1×8 configurations, when the operating frequencies are 20, 10, or 5 GHz, respectively. The reconfigurable wideband phased array using the proposed circuit with the single-path mode indicates a constant beam width at 5, 10, and 20 GHz as shown in Fig. 18 (b) . As a result, the proposed circuit can support an adjustable beam width for different frequencies. As described above, for system integration, the OFF state of the proposed circuit should be terminated to the 50 through the shunt transistors. Table 1 presents the summary and the comparison with other recent state-of-the-art designs. The proposed reconfigurable power divider/combiner provides positive in-band flat gain with wide operational bandwidth (2-23 GHz), controllable bi-directional operation (power divider and combiner modes), and reconfigurable operation (dual-path and single-path modes) by using BDAs and series-shunt switches. Compared with III-V technology implementations, it can provide seamless integration with digital circuitry on same die. It also exhibits good isolation, impedance matching, amplitude/phase imbalance, fast mode switching, and moderate RF linearity (OP1dB and OIP3) in its bandwidth.
V. SUMMARY
This paper has introduced a wideband reconfigurable twoway SiGe active power divider/combiner circuit for large scale wideband reconfigurable active phased array antennas. The design methodology of using a BDA to enable the technique is presented, with a special focus on the effect of the bandwidth of the proposed circuit. To provide bi-directional operation with wide operational bandwidth and high speed mode selection for reconfigurable functionality, the proposed reconfigurable active power divider/combiner using twostage BDAs and series-shunt switches is implemented in a 130 nm SiGe BiCMOS platform. Compared to reported reconfigurable power dividers and combiners, the proposed circuit demonstrates active gain without requiring additional amplifiers, wide operational bandwidth, and moderate largesignal performance under a DC power consumption of 120 mW.
